The potential use as vaccine delivery system of Salmonella typhimurium strains harboring defined mutations in the sseC (HH104) and sseD (MvP101) genes, which encode putative effector proteins of the type III secretion system of Salmonella pathogenicity island 2, was evaluated and compared with that of the well-characterized aroA mutant strain SL7207 by using ␤-galactosidase (␤-Gal) as a model antigen. When orally administered to immune-competent or gamma interferon-deficient (IFN-␥ ؊/؊ ) BALB/c mice, both mutants were found to be highly attenuated (50% lethal dose, >10 9 bacteria). Both strains were also able to efficiently colonize and persist in Peyer's patches. Immunization with HH104 and MvP101 triggered ␤-Gal-specific serum and mucosal antibody responses equivalent to or stronger than those observed in SL7207-immunized mice. Although immunoglobulin G2 (IgG2) serum antibodies were dominant in all groups, IgG1 was also significantly increased in mice vaccinated with MvP101 and SL7207. Comparable ␤-Gal-specific IgA and IgG antibodies were detected in intestinal lavages from mice immunized with the different strains. Antigen-specific CD4 ؉ T-helper cells were generated after vaccination with all vaccine prototypes; however, responses were significantly more efficient when HH104 and MvP101 were used (P < 0.05). Significantly higher levels of IFN-␥ were produced by restimulated spleen cells from mice immunized with HH104 than from those vaccinated with the MvP101 or SL7207 derivatives (P < 0.05). Interestingly, the three strains induced major histocompatibility complex class I-restricted CD8 ؉ cytotoxic T cells against ␤-Gal; however, cytotoxic T-lymphocyte responses were significantly stronger after immunization with HH104 (P < 0.05). These novel S. typhimurium attenuated strains constitute promising delivery systems for vaccine antigens. The qualitative differences observed in the obtained responses with different carriers may be useful for those applications in which a targeted immunomodulation is required.
Vaccination constitutes the most cost-effective tool for the prophylaxis of infectious diseases. Most pathogenic microorganisms either are restricted to the mucosal membranes or need to transit the mucosae during the early steps of the infection (20) . Therefore, the elicitation of an efficient immune response at the mucosal level after immunization is highly desired (41) . Among the available approaches for triggering an efficient mucosal response, the use of live attenuated Salmonella strains as carriers probably constitutes the most studied strategy (5, 9, 33, 35) . Attenuated Salmonella strains can stimulate mucosal as well as systemic immunity against the carrier itself or coexpressed heterologous antigens (1, 3, 8, 10, 37, 44) . Safe Salmonella carriers can be generated by introducing defined nonreverting mutations into the chromosome. Although a number of attenuated mutants have been constructed and even characterized in the mouse model with regard to virulence, only a few of them have been evaluated as vaccine carriers. Mutants deficient in the biosynthesis of aromatic amino acids (e.g., aroA, aroC, and aroD mutants) (17, 28) or purines (e.g., purA and purE mutants) (28) or in the production of adenylate cyclase (cya) or the cyclic AMP receptor protein (crp) (4), or with mutations affecting the global regulatory system (phoP/phoQ) (11, 14) , have been the most widely characterized.
The development of strategies to stimulate appropriate effector populations according to particular needs would increase the potential of attenuated carriers in vaccinology. The presence of mutations affecting the virulence properties of the carrier, such as the impaired synthesis of essential nutrients, regulatory factors, or metabolic enzymes (4, 11, 14, 17, 28) , may influence the course of infection, thereby affecting the quality of the immune response elicited. Therefore, the availability of well-characterized attenuated mutants of Salmonella might facilitate fine tuning of the immune response triggered against heterologous antigens according to clinical requirements.
Salmonella pathogenicity island 2 (SPI2) is required for bacterial systemic spread and survival within phagocytic cells (29, 38) . Previous studies aimed at the characterization of the role played by the products encoded by SPI2 led to the identification of two loci, sseC and sseD, which encode putative effector proteins of the SPI2 type III secretion system (16) . Salmonella typhimurium strains containing nonpolar mutations in sseC (HH104 [16] ) and sseD (MvP101 [this work]) are characterized by impaired virulence, both in vitro and in vivo. This prompted us to analyze the potential of MvP101 and HH104 mutants as carrier strains for the delivery of heterologous antigens, with ␤-galactosidase (␤-Gal) used as a model protein.
MATERIALS AND METHODS
Mice, bacterial strains, and media. Immunocompetent BALB/c (H-2 d ) mice (Harlan Winkelmann GmbH, Borchen, Germany) and gamma interferon-deficient (IFN-␥ Ϫ/Ϫ ) BALB/c mice (Jackson Laboratory, Bar Harbor, Maine) of 6 to 12 weeks of age were maintained under standard conditions according to institutional guidelines. The bacteria used in this study were S. typhimurium NCTC 12023 (identical to ATCC 14028) and its sseC (sseC::aphT) and sseD (sseD::aphT) derivatives HH104 and MvP101, respectively, and the auxotrophic aroA mutant strain SL7207 {S. typhimurium 2337-65 derivative hisG46 DEL407[aroA:: Tn1(Tc s )]} (B. A. D. Stocker). Bacterial strains were routinely grown at 37°C in Luria-Bertani broth or agar (Difco, Detroit, Mich.) supplemented with 100 g of ampicillin per ml when required. Eukaryotic cells were grown in RPMI 1640 supplemented with 10% fetal calf serum (FCS), 100 U of penicillin per ml, 50 g of streptomycin per ml, 5 ϫ 10 Ϫ5 M 2-mercaptoethanol, and 1 mM L-glutamine (GIBCO BRL, Karlsruhe, Germany).
Generation of a nonpolar mutation in the sseD gene. The 3-kb EcoRI/PstI fragment from plasmid p5-2 (16) harboring the sseD gene was subcloned into pUC18, thereby generating p5-30. Then, the cassette containing the aphT gene from pSB315 (13) was recovered as a HincII fragment and inserted into EcoRVdigested p5-30. The resulting construct, in which an internal EcoRV fragment of sseD was deleted and replaced by the aphT cassette positioned in the same transcriptional orientation as sseD, was named p5-31. The insert of p5-31 was recovered after digestion with SphI and EcoRI and ligated into SphI/EcoRIdigested pGP704 (24) to generate p5-33. Plasmid p5-33 was electroporated into Escherichia coli S17-1 (pir) and subsequently transferred by conjugation into a spontaneous nalidixic acid-resistant derivative of S. typhimurium NCTC 12023, as previously described (6) . Recombinant clones in which the sseD gene was replaced by the disrupted allele containing the aphT cassette were selected by their resistance to kanamycin (50 g/ml) and nalidixic acid (100 g/ml). The resulting exconjugants were screened for sensitivity to carbenicillin and further characterized by Southern blot analysis (data not shown). Finally, the mutant sseD allele was transferred into a fresh S. typhimurium NCTC 12023 background by P22 transduction (21) .
Plasmid and DNA manipulations. To achieve constitutive expression of ␤-Gal, plasmid pAH97 (18) was electroporated into the carrier strains. DNA preparations and genetic manipulations were carried out according to standard protocols (34) . Plasmid DNA transformation of bacterial cells was performed by electroporation (27) . To determine plasmid stability in vitro, Salmonella mutants containing pAH97 were grown overnight at 37°C with antibiotic selection. Cultures were then diluted on consecutive days in the absence of antibiotic and incubated overnight at 37°C. On each day the percentage of bacteria carrying plasmids was determined by plating dilutions in the presence or absence of antibiotics.
Immunization protocols. For vaccination, bacteria were grown overnight until they reached mid-log phase. Then, they were harvested by centrifugation (3,000 ϫ g) and resuspended in 5% sodium bicarbonate. Mice were immunized four times at 15-day intervals by gently feeding them the bacterial suspension of approximately 10 9 CFU/mouse in a volume of approximately 30 l. Control mice were vaccinated with the plasmidless carrier.
Determination of the LD 50 . Doses ranging from 10 5 to 10 9 CFU of either S. typhimurium NCTC 12023 (wild type) or the mutants HH104 and MvP101 were orally inoculated into groups of 10 mice, and survival was recorded over a 10-day period. The 50% lethal doses (LD 50 ) of the challenge strains were calculated by the method of Reed and Muench (32) .
Determinations of bacterial counts in mouse organs. Groups of three mice were sacrificed on days 2, 4, 10, and 20 after oral infection with 5 ϫ 10 9 bacteria per mouse. Spleens and Peyer's patches were removed and homogenized in sterile phosphate-buffered saline (PBS). The numbers of viable bacteria present in the organs were determined by plating serial dilutions on Luria-Bertani agar plates with or without antibiotics.
Sample collection. Serum samples were collected at different time points and monitored for the presence of ␤-Gal-specific antibodies. At day 52 after immunization, intestinal lavages were obtained by flushing the small intestine with 2 ml of PBS supplemented with 50 mM EDTA, 0.1% bovine serum albumin, and 0.1 mg of soybean trypsin inhibitor (Sigma, Deisenhofen, Germany) per ml. Then, lavages were centrifuged (10 min at 600 ϫ g) to remove debris, and supernatant fluids were removed and supplemented with phenylmethylsulfonyl fluoride (10 mM) and NaN 3 and stored at Ϫ20°C.
Antibody assays. Antibody titers were determined by an enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well Nunc-Immuno MaxiSorp assay plates (Nunc, Roskilde, Denmark) were coated with 50 l of ␤-Gal (5 g/ml) (Boehringer, Mannheim, Germany) or S. typhimurium lipopolysaccharide (LPS) (20 g/ml) (Sigma) in coating buffer (0.1 M Na 2 HPO 4 , pH 9.0) per well. After overnight incubation at 4°C, plates were blocked with 10% FCS in PBS for 1 h at 37°C. Serial twofold dilutions of serum in FCS-PBS were added (100 l/well), and plates were incubated for 2 h at 37°C. After four washes with PBS-0.05% Tween 20, the following secondary antibodies were added: biotinylated ␥-chainspecific goat anti-mouse immunoglobulin G (IgG), -chain-specific goat antimouse IgM, and ␣-chain-specific goat anti-mouse IgA antibodies (Sigma) or, to determine IgG subclass, biotin-conjugated rat anti-mouse IgG1, IgG2a, IgG2b, and IgG3 (Pharmingen, Hamburg, Germany). Plates were further incubated for 2 h at 37°C. After four washes, 100 l of peroxidase-conjugated streptavidin (Pharmingen) was added to each well and plates were incubated at room temperature for 1 h. After four washes, reactions were developed with ABTS [2,2Ј-azinobis-(3-ethylbenzthiazoline-6-sulfonic acid)] in 0.1 M citrate-phosphate buffer (pH 4.35) containing 0.01% H 2 O 2 . Endpoint titers were expressed as the reciprocal log 2 of the last dilution which gave an optical density at 405 nm of 0.1 unit above the values of the negative controls after a 30-min incubation.
To determine the concentration of total Ig present in the intestinal lavages, serial dilutions of the corresponding samples were incubated in microtiter plates that were coated with goat anti-mouse IgG, IgM, and IgA (Sigma) as capture antibodies (100 l/well); serial dilutions of purified mouse IgG, IgM, and IgA (Sigma) were used to generate standard curves. Detection of antigen-specific Ig was performed as described above.
Cell proliferation assay. Spleen cell suspensions were enriched for CD4 ϩ T cells by using MiniMACS magnetic Ly-2 and indirect goat anti-mouse IgG microbeads according to the instructions of the manufacturer (Miltenyi Biotec GmbH, Bergisch-Gladbach, Germany). Cell preparations contained Ͼ65% CD4 ϩ cells. Cells were adjusted to 2 ϫ 10 6 cells/ml in complete medium supplemented with 20 U of recombinant interleukin 2 (rIL-2) (Pharmingen) per ml, seeded at 100 l/well in a flat-bottomed 96-well microtiter plate (Nunc), and incubated for 4 days in the presence of different concentrations of soluble ␤-Gal. Cytokine determinations. Culture supernatants were collected from proliferating cells on days 2 and 4 and stored at Ϫ70°C. Determinations of IL-2, IL-4, IL-5, IL-6, IL-10, and IFN-␥ were performed by specific ELISA. In brief, 96-well microtiter plates were coated overnight at 4°C with purified rat anti-mouse IL-2, anti-IL-4, anti-IL-5, anti-IL-6, anti-IL-10, and anti-IFN-␥ MAbs (Pharmingen). After three washes, plates were blocked and twofold dilutions of supernatant fluids were added. A standard curve was generated for each cytokine by using murine rIL-2, rIL-4, rIL-5, rIL-6, rIFN-␥, and rIL-10 (Pharmingen). Plates were further incubated at 4°C overnight. After three washes, 100 l of biotinylated rat anti-mouse IL-2, IL-4, IL-5, IL-6, IL-10, and IFN-␥ MAbs (Pharmingen) per well were added and incubated for 45 min at room temperature. After six washes, streptavidin-peroxidase conjugate was added and incubated for 30 min at room temperature. Finally, the plates were developed with ABTS.
Cytotoxicity assay. Spleen cells were obtained from mice 14 days after the last immunization, and 2 ϫ Depletion of CD8 ؉ spleen cells. The CD8 ϩ cell subset was depleted by using MiniMACS magnetic Ly-2 microbeads, according to the manufacturer's instructions (Miltenyi Biotec GmbH). Depleted cell preparations contained Յ1% CD8 ϩ cells. Statistical analysis. Statistical significance between paired samples was determined by Student's t test. In vitro stability of plasmid pAH97 in recombinant Salmonella strains. The in vitro stability of the plasmid encoding the model antigen was determined by growing the resulting clones without antibiotic pressure. Bacteria were subcultured for 4 days, and the percentage of cells retaining the plasmid was determined by plating in the presence or absence of antibiotics. The obtained results show that pAH97 was considerably stable in all of the mutants, with approximately 58% (SL7207), 47% (MvP101), and 54% (HH104) of bacteria retaining the plasmid after 4 days of subculture.
RESULTS

The
In vivo persistence of Salmonella mutants in mouse organs. To investigate the ability of the studied mutants to colonize and persist in vivo, groups of mice were orally infected and the numbers of bacteria recovered from Peyer's patches and spleens were determined at different time intervals. The obtained results showed that all of the strains were able to efficiently colonize and persist in Peyer's patches (Fig. 1) . In contrast, all of the mutants were rapidly cleared from spleens independently of the attenuating mutation. The in vivo stability of the plasmid in the absence of antibiotic selective pressure was similar to that observed in vitro (Fig. 1) .
Antibody responses generated in mice orally immunized with attenuated S. typhimurium carriers expressing ␤-Gal. Groups of mice (n ϭ 5) were immunized with the recombinant strains MvP101(pAH97) and HH104(pAH97). To estimate the efficacy of the prototypes, an additional group was vaccinated with the well-established carrier strain SL7207(pAH97). Comparable LPS-specific serum antibody titers were detected in sera of immunized mice independently of the carrier employed ( Fig. 2A) . The ability of the different carriers to induce a systemic humoral response against the heterologous antigen was determined by measuring the titers of ␤-Gal-specific antibodies in sera of vaccinated mice. As shown in Fig. 2B , significant titers of ␤-Gal-specific IgG and IgM antibodies were detected at day 30 in all vaccinated animals. In contrast to the IgM titers, which reach a plateau at day 30, the titers of IgG steadily increased until day 52 from immunization, when the experiment was concluded. No significant levels of ␤-Gal-specific IgA were detected in mice immunized with any of the three recombinant clones (data not shown).
To determine the subclass distribution of the anti-␤-Gal IgG, serum samples were analyzed for specific levels of IgG1, IgG2a, IgG2b, and IgG3. The results shown in Fig. 3 demonstrate that the main ␤-Gal-specific IgG isotype present in sera of animals immunized with HH104(pAH97) was IgG2 (IgG2a/ IgG1 ϳ 4), suggesting a predominant Th1 response (42) . In contrast, a higher concentration of IgG1 (P Յ 0.05) was observed in mice immunized with MvP101(pAH97) (IgG2a/ IgG1 ϳ 1.3) and SL7202(pAH97) (IgG2a/IgG1 ϳ 1.6), indicating a similar Th1/Th2 mixed response.
Induction of mucosal immune responses after oral vaccination. To achieve protection against mucosal pathogens, it is highly desirable to obtain the elicitation of an efficient mucosal response after vaccination with live Salmonella carriers. Therefore, the presence of ␤-Gal-specific antibodies in intestinal washes from mice immunized with either MvP101, HH104, or SL7207 carrying pAH97 was investigated at day 52 from immunization. As shown in Fig. 4 , immunization with all three carriers stimulated the production of significant amounts of ␤-Gal-specific IgA and, to a lesser extent, favored the transu- Cellular immune responses triggered after oral immunization with sseC and sseD mutants expressing ␤-Gal. To evaluate the efficacy of the antigen-specific T-cell responses generated in immunized mice, spleen cells were enriched in CD4
ϩ T cells and restimulated in vitro during 4 days with ␤-Gal. As shown in Fig. 5 , although antigen-specific CD4 ϩ spleen cells were generated after vaccination with the three carriers, HH104 and MvP101 were significantly more efficient than SL7207 (P Ͻ 0.05) at triggering specific cellular immune responses. In contrast, cells isolated from mice immunized with the carrier alone failed to proliferate in the presence of ␤-Gal.
To investigate the Th type of the immune response triggered by immunization, the content of IFN-␥, IL-2, IL-4, IL-5, IL-6, and IL-10 was measured in supernatant fluids of restimulated cells. IFN-␥ was the only cytokine significantly increased in all supernatant fluids from the different groups of immunized mice compared to the control group (cells isolated from mice immunized with plasmidless carriers) (Fig. 6) . Interestingly, in agreement with IgG isotype patterns, the levels of IFN-␥ detected in supernatants from cells of mice immunized with HH104(pAH97) were significantly higher (P Ͻ 0.05) than those from animals receiving either MvP101(pAH97) or SL7207(pAH97) (Fig. 6) .
Induction of antigen-specific CTL responses in mice orally immunized with carrier strains expressing ␤-Gal. The elicitation of major histocompatibility complex (MHC) class I-restricted responses is particularly important for conferring protection against many intracellular pathogens and tumors. It has been shown that antigen-specific CD8 ϩ cytotoxic T lymphocytes (CTL) can be generated both in vitro and in vivo after immunization with recombinant Salmonella spp. expressing heterologous antigens (2, 10, 23, 30, 43, 44) . Therefore, we considered it important to determine whether the tested carriers were also able to trigger a ␤-Gal-specific CTL response. Spleen cells were collected from mice vaccinated with either MvP101(pAH97), HH104(pAH97), or SL7207(pAH97) at day 52 from immunization and restimulated in vitro with ␤GP1-pulsed syngenic spleen cells for 5 days. As shown in Fig. 7 , spleen cells from mice immunized with the different constructs induced significant lysis of ␤GP1-loaded target cells compared with unloaded controls (P Ͻ 0.05). However, more efficient responses were observed with the carrier strain HH104. Lysis was mediated by CD8 ϩ T cells, since cytotoxic activity was completely abrogated when CD8 ϩ T-effector cells were depleted (data not shown).
DISCUSSION
The potential usefulness of attenuated Salmonella spp. as carriers for the delivery of vaccine antigens through the mucosal route has been extensively investigated (5, 9, 33, 35) . Salmonella is capable of triggering not only humoral immune responses but also antigen-specific T-helper and cytotoxic responses (1, 3, 8, 10, 37, 44) . Therefore, vaccine prototypes based on attenuated Salmonella strains can be employed when effective humoral responses are required (e.g., to achieve clearance of extracellular pathogens) and also in clinical situations in which cytotoxic effector cells are needed (e.g., viral diseases and tumors) (23, 25, 30, 36, 43) .
Although many attenuated derivatives of Salmonella spp. have been described (4, 11, 14, 17, 28) , only few of them were qualified to be used as vaccine delivery systems (3, 8, 19, 44) . The efficacy of a live vaccine carrier relies on a subtle balance between minimal reactogenicity and maximal immunogenicity. The background of the carrier strain used in the formulation, the type of mutation selected to achieve attenuation, and the intrinsic properties of the immunogen seem to be crucial in determining the extent and quality of the immune response elicited (45) . Several approaches have been previously used for the construction of live attenuated strains which exhibit satisfactory immunogenicity (4, 7, 11, 17, 28) .
Two type III secretion systems have been identified in S. typhimurium, one, located in SPI1, that is required for bacterial invasion of epithelial cells (12) and a second, located in SPI2, that is needed for bacterial growth within the host (15, 29, 38) . Based on the level of sequence homology between SPI2-encoded products and proteins from type III secretion systems, it was proposed that sse genes code for effector proteins of SPI2 (16) . Here, we have evaluated the potential of S. typhimurium sseC and sseD mutants to deliver vaccine antigens by the oral route. All tested mutants were able to colonize and persist in Peyer's patches for up to 20 days, but they exhibited impaired capacities to survive in spleens. Our studies also demonstrated that mutations in the sseC and sseD genes result in a significantly impaired bacterial virulence in both immune-competent and immune-deficient (IFN-␥ study versus ATCC 14028), or the mouse strain used (BALB/c here versus C57BL/6), may account for the observed discrepancy. Furthermore, minor variations can lead to dramatic effects in this experimental setting. In fact, VanCott et al. reported that 5 ϫ 10 9 CFU of a phoP mutant was not lethal for IFN-␥ Ϫ/Ϫ mice whereas only a twofold increase in the dose resulted in 50% mortality (45) . However, it is important to highlight that the background strain of the sse mutants tested here is the same as in the study of VanCott et al. (45) . This suggests that SPI2 mutants exhibit a degree of attenuation in IFN-␥ Ϫ/Ϫ mice that is at least equal to that of phoP mutants. To thoroughly evaluate the potential of these mutants as vaccine carriers, we have compared the immune responses triggered against the model antigen ␤-Gal when it was expressed by either the sseC (HH104) and sseD (MvP101) mutants or the aroA mutant strain SL7207. Despite their attenuated virulence, the immunogenicity of the tested carrier strains is maintained intact. The HH104 and MvP101 mutants both stimulated ␤-Gal-specific systemic and mucosal responses that were as efficient as or stronger than those elicited by the aroA mutant. Oral immunization with the HH104 and SL7207 vaccine carriers resulted in the induction of a ␤-Gal-specific mixed Th pattern, whereas vaccination with the MvP101 derivative triggered a more Th1 dominant response. More-efficient CTL responses were also observed when this mutant was used for immunization. This might result from the potentiating effect of CTL priming associated with the dominant Th1-type class IIrestricted help stimulated by this carrier (39) .
Due to safety considerations, vaccine carriers should bear at least two independent attenuating mutations to eliminate the risk associated with the appearance of virulent revertants arising from recombination events. Despite their remarkable attenuation in immune-competent hosts, aro mutants can cause progressive infection in T-cell-deficient animals (40, 45) . Therefore, the combination of different mutations might be essential for achieving a perfect balance between immunogenicity and reactogenicity. The characterization of mutants deficient in the production of novel virulence factors will certainly contribute to the development of a new generation of welldefined, highly immunogenic, and safer vaccine carriers. In addition, the availability of well-characterized mutants able to promote specific types of immune responses (e.g., different Th patterns) might also allow modulation of the obtained responses by simply selecting the most appropriate mutant according to the particular application.
